The "pulmonary diffusing capacity" for carbon monoxide (DLco) is of interest as a measure of the extent and permeability of the alveolarcapillary interface. However, its use for this purpose is subject to The present study considers specifically the effect of minute ventilation and pulmonary blood flow on the diffusing capacity for carbon monoxide determined by a steady state method.
The "pulmonary diffusing capacity" for carbon monoxide (DLco) is of interest as a measure of the extent and permeability of the alveolarcapillary interface. However, its use for this purpose is subject to three major types of error: 1) undetected influences of other physiologic factors, such as changes in pulmonary blood flow, the volume of air in the lungs and the distribution of inspired air; 2) For the single breath technique, some of these factors, such as the volume of air in the lungs (1) (2) (3) and the rate of combination of hemoglobin with carbon monoxide, have been extensively studied (4, 5) . For the steady state methods, many remain to be assessed.
Before applying a steady state method to a variety of physiological problems, it seemed pertinent to us to delineate some factors which could affect the Dico.
The present study considers specifically the effect of minute ventilation and pulmonary blood flow on the diffusing capacity for carbon monoxide determined by a steady state method.
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GENERAL PRINCIPLES
The diffusing capacity of the lung for carbon monoxide, the pulmonary blood flow and the minute ventilation all increase during exercise. In order to determine if the change in minute ventilation or the change in pulmonary blood flow or both, influence DLco, three different approaches were used: 1) Minute ventilation was increased more than pulmonary blood flow by exercising subjects with only a limited capacity to augment cardiac output; 2) minute ventilation was again increased in excess of a change in pulmonary blood flow by having subjects undergo voluntary hyperpnea; and 3) blood flow through each lung was varied simultaneously in such a way that blood flow increased in one and decreased in the other while minute ventilation remained virtually unchanged.
SUBJECTS AND METHODS
Rest and exercise. Thirteen subjects with mitral stenosis on the basis of rheumatic heart disease were studied both at rest and during exercise. For the sake of comparison, DLco was also measured in 21 normal subjects at rest (Table I) and an additional 15 normal subjects were studied both at rest and during exercise (Table II) .
These studies involved the simultaneous measurement of minute ventilation, cardiac output and DLco. Cardiac output was measured by the Fick principle, using oxygen as the test gas and entailed: 1) open circuits for the administration of inspired gas as well as for the collection and sampling of expired gas; 2) cardiac catheterization for sampling of pulmonary arterial blood; and 3) cannulation of a brachial artery for the sampling of mixed arterial blood. For the estimation of DLco, 0.1 per cent carbon monoxide in air was substituted for ambient air for four to six minutes of the test periods at rest and during exercise.
Exercise was performed in the supine position using a special pedal-pulley device attached to the fluoroscopic table. In all subjects but four, a single level of exercise was used; in these four, exercise was continued for a second period at a greater intensity. Midway through the gas collection period, samples of systemic and pulmonary 1186 arterial blood were drawn for the measurements of oxygen trode. The oxygen and carbon dioxide contents of expired contents, as well as carbon dioxide and carbon monoxide gas were measured in a micro-Scholander apparatus (11). tensions.
To relate pulmonary arterial pressures to DLco, blood The steady state method for measuring DLco proposed pressures were recorded by means of Statham transducers by Filley, MacIntosh and Wright (6) was modified in two coupled with a multichannel oscilloscope recording apparespects: 1) The carbon monoxide tension of expired gas ratus.-was measured by an infrared physical analyzer' and 2) the Voluntary hyperpnea. In 10 of the normal subjects and carbon monoxide content of arterial blood was measured four of the patients with rheumatic heart disease, the by the method of Allen and Root (7); this value was used observations at rest and during exercise were supplemented to calculate the tension of carbon monoxide in arterial by similar measurements during a period of voluntary blood by means of the Haldane relationship (8) . For this hyperpnea. The level of ventilation during hyperpnea calculation, it was assumed that in normal subjects, the was set to correspond to that which was reached sponmean difference in oxygen tension between alveolar gas taneously during exercise. In order to avoid depletion of and arterial blood is approximately 10 mm. Hg. Since the carbon dioxide and to preserve a steady state, 3 or 5 per removal of CO from physical solution may continue after cent CO2 was added to the inspired mixture in accord with blood has left the pulmonary capillary, it is clear that the level of minute ventilation. The actual sequence was arterial pCO can only underestimate the mean back pressure as follows: After measurements at rest and during exercise, of carbon monoxide in the pulmonary capillary (4). In the subjects underwent a final period of hyperpnea which this study, therefore, arterial pCO is used as a minimal esti-consisted of breathing 3 to 5 per cent CO2 in air for 14 mate of mean capillary pressure for carbon monoxide.
minutes followed by an additional four minutes of the The pCO2 of arterial blood was determined from the line same inspired mixture, plus 0.1 per cent CO. During the charts of Van Slyke and Sendroy (9) . For this measure-last two minutes, blood and expired gas samples were ment, the blood CO2 content and oxyhemoglobin satura-collected in the usual way for the measurement of pultion were determined by the method of Van Slyke and monary blood flow and DLco. Neill (10) a unilateral pulmonary lesion (Table III) , DLco and pulmonary blood flow were measured for each lung separately during normal flow and during partial obstruction to flow through one pulmonary artery. The measurement of blood flow through each lung separately was done as previously described (12) . In brief, the techniques included: 1) bronchospirometry for the administration of different inspired mixtures to each lung, as well as the collection of expired gas from each lung separately; 2) cardiac catheterization with a triple lumen catheter to allow sampling and injection proximal and distal to the occlusive balloon; and 3) arterial cannulation.
The rate of blood flow through each lung was changed by inflating the balloon in one pulmonary artery. Blood flow was thus diminished to one lung and correspondingly increased in the opposite one.
The lung with the occluded pulmonary artery breathed 25 per cent 02, while the contralateral lung breathed 21
per cent 02. Following a 15 minute period of equilibration, each lung continued to breathe its own inspired mixture plus 0.1 per cent CO for an additional four minutes. Blood and gas samples for the calculation of 02 uptake, CO uptake, cardiac output and arterial blood pCO2 were collected during the last two minutes of the four minute period. By this protocol, total blood flow may be calculated by dividing 02 uptake of both lungs by the corresponding arteriovenous difference for 02. The blood flow through the lung receiving 25 per cent 02 is calculated from its 02 uptake and the arteriovenous 02 difference across that lung, on the assumption that the pulmonary venous blood from that lung is 98 per cent saturated. The flow through the contralateral lung is measured as the difference between the total blood flow and the flow through the lung receiving the 25 per cent 02. For these measurements, it is assumed on the basis of previous studies in this laboratory that during occlusion of one pulmonary artery, there is no significant bronchial collateral circulation (13) to the compromised side.
For the calculation of the DLco for each lung separately, during both the control and test periods, separate estimates of pulmonary dead space were required: During the control period, dead space was calculated for each lung by the Bohr formula on the assumption that the arterial tension of carbon dioxide is equal to the alveolar tension of carbon dioxide. During the period of partial occlusion, the calculation was more indirect: a total dead space for both lungs was calculated by the Bohr relationship using the tidal volume, the fraction of CO2 in expired gas from both lungs and the arterial pCO2. The dead space of the lung through which flow was increased was similarly calculated from the arterial pCO2 and the expired fraction of CO2 from that lung. The dead space of the remaining lung was calculated as the difference between these two. Where occlusion of a pulmonary artery was complete, as in J. M., no estimate of physiologic dead space in that lung was possible; in this case, the control dead space was used in the calculations of DLco.
CALCULATIONS
In addition to the measurement of the diffusing capacity of the lung for carbon monoxide (DLco), the uptake of CO by the lung per minute (Vco), and the ratio of the uptake of CO to the volume of CO inspired (COF) have been used as indices of the diffusing capacity.
The pulmonary diffusing capacity is calculated according to the following expression of Fick's law of diffusion: Mt0n Nin U)00 _.o0% ''0 00 00 co co 00 00 00 00 00 00 00 00 
RESULTS

Rest and exercise
The DLco was measured at rest in 36 normal subjects. These individual measurements and the data from which they were derived appear in Tables I and II . The average resting DLco for this entire group was 14.1 ml. per minute per mm. Hg.
The corresponding values for patients with rheumatic heart disease appear in Table IV . The average resting DLco for this group of subjects is 14.6 ml. per minute per mm. Hg, which is not significantly different (p > 0.05) from the normal subjects.
An analysis of the resting DLco according to sex, for both normal subjects and patients with rheumatic heart disease, is included in It is of interest, that the mean DLco of the three male subjects in the rheumatic group is higher than the value in the normal subjects. However, the number of subjects is obviously too few for statistical comparison.
The diffusing capacity during exercise and the data from which they were derived are shown in Table II for normal subjects and in Table IV for subjects with rheumatic heart disease. It may be seen that each subject experienced an increase in diffusing capacity during exercise.
As is shown in In Figure 1 , the DLco is related to minute ventilation and to pulmonary blood flow for both groups of subjects at rest and during exercise. It may be seen, in Figure 1A , that there is a good statistical correlation (p < 0.001) between DLco and the minute ventilation, at rest and during exercise; on the other hand, as seen in Figure 1B , the correlation between DLCO and pulmonary blood flow is poorer (p = 0.01). Figure 1 emphasizes that during exercise, DLco increases in subjects with mitral stenosis in the face of abnormally low increments in pulmonary blood flow. Although pulmonary blood flow increased only slightly during exercise in the patients with mitral stenosis, the DLco increased normally (Table V) . Figure 3 illustrates the relationship between DLco and minute ventilation ( Figure 3A ) and DLco and pulmonary blood flow ( Figure 3B ) in four normal subjects and one subject with mitral stenosis at rest, during exercise and during voluntary hyperpnea. It may be seen from Figure  3A that as ventilation is increased, either by voluntary hyperpnea or exercise, the diffusing capacity also increases. However, as may be seen in Figure 3B , the increases in DLco during voluntary hyperpnea are independent of increases in pulmonary blood flow since: 1) In the rheumatic subject, the increases in DLco were unaccompanied by changes in blood flow either during voluntary hyperpnea or exercise, and 2) in the normal subjects, the largest increments in DLco occur during voluntary hyperpnea when blood flow was consistently less than during exercise.
In Figure 4A , minute ventilation is plotted against the uptake of carbon monoxide for the subjects of Figure 3 . For the sake of reference, the line from Figure 1 Figure 4B illustrates that these increases in Vco during voluntary hyperpnea are also independent of changes in pulmonary blood flow.
The values for the fraction of CO removed from inspired air during voluntary hyperpnea are also included in Tables II and IV . It may be seen that the fraction of CO removed from inspired gas (COF) is, in most instances, reciprocally related to the level of ventilation. Thus, when the level of ventilation during voluntary hyperpnea exceeded that during exercise, the COF was less than that during exercise. Conversely, when the level of ventilation during hyperpnea was less than that during exercise, the COF was higher. However, in three subjects (J. J., E. M. and B. K.), even though minute ventilation during voluntary hyperpnea exceeded that during exercise, the COF was higher. In order to assess the effect of a change in ventilatory pattern on DLco, the respiratory frequency and tidal volume were varied in two subjects, C. C. and J. R., during two successive periods of voluntary hyperpnea. In both subjects, DLco, Vco and COF were higher during breathing patterns of slow frequency and large tidal volume.
Unilateral occlusion of one pulmonary artery
In Table III are listed the data for the calculation of DLco, Vco and pulmonary blood flow (Q) for each lung separately. These data are also the basis for Figure 5 .
The values for oxygen uptake and pulmonary blood flow in Table III indicate that different degrees of occlusion of a pulmonary artery were accomplished in different subjects. Despite these changes in blood flow, minute ventilation in each lung remained relatively unaffected. As may be seen in Figure 5 , the increases in blood flow had no appreciable affect on either DLCO or Vco, Only when blood flow was severely curtailed, i.e., to less than 50 per cent of the control value, did a decrease in Dico and Vco become apparent.
Although the fraction of CO removed from inspired air tended to parallel the change in DLco, individual results are difficult to assess because of unavoidable changes in ventilation between the control and the test periods.
Relation between pulmonary artery pressure and DLco In the normal subjects, pulmonary artery pressures averaged 18/7 mm. Hg, with a mean of 12 at rest and increased to 25/11, with a mean of 16 during exercise. In the patients with mitral stenosis (Table IV) Effect of correction of tension of CO in arterial blood (Paco) on DLco As expected, the tension of CO in arterial blood increased with the time of exposure to 0.1 per cent CO (14) . The effect of this increase in Paco on calculated DLco is illustrated in Figure 6 . It may be seen that when Paco is taken into account in the calculation of DLco, after six minutes of exposure at rest, the DLco increases by 5 to 10 per cent. The exercise DLco after 12 minutes of exposure increased by 10 to 15 per cent, and after 18 minutes of exposure DLco increased by 20 to 30 per cent.
Sources of error in methods
As may be seen from the equations above, and from the data in Tables I through V, the The diagonal line in Figure 4A is derived from the data of Figure 1A by the method of least squares. Tables II and IV , in all but four of the subjects (J. J., N. N., L. S. and I. R.) strict criteria for a steady state were fulfilled. In these four subjects, the respiratory quotient (R.Q.) was low. This low R.Q. presumably reflects a continuation of the unsteady state which obtains at the start of CO2 breathing when CO2 output is reduced because of storage of metabolic CO2 in body tissues (15) . Under such circumstances, the 02 uptake by the lungs calculated from the fractions of 02 and CO2 in expired gas is artificially high. The high 02 uptake leads to an elevation of cardiac output calculated by the Fick principle. Such considerations suggest that in these subjects with a low R.Q. during voluntary hyperpnea, the actual increase in cardiac output was even less than indicated in Table V . DISCUSSION These different types of experiments are in accord in demonstrating a marked effect of minute ventilation on DLco. By way of contrast, they indicate that DLco is little affected by a change in pulmonary blood flow until flow is reduced well below 50 per cent of normal. They also offer some basis for speculation concerning the effect of the pulmonary blood volume on the pulmonary diffusing capacity. 
Ventilation
It is generally believed that during quiet breathing only a fraction of the alveolar surface is used for diffusion. During exercise, as minute ventilation increases, it is likely that the alveolarcapillary membrane is stretched and the area used for diffusion increases.
Previous indirect estimates of DLco, such as the fractional uptake of CO (16), as well as direct measurements by the single breath technique (3, 17) , suggest that the volume of gas in the lung influences the area available for alveolarcapillary gas exchange. Some It is pertinent to note that the relationship between the volume of alveolar gas and the DLco may involve several less evident physiological adaptations: 1) a redistribution of blood within the lung so as to preserve CO gradients for diffusion, and 2) absolute increases in both blood flow (18, 19) and volume (20) On the basis of calculations applied to data on CO uptake determined by Forbes, Sargent and Roughton (24), Hatch (25) concluded that at equilibrium the partition coefficient of CO between blood and air is of such high magnitude, that the rate of pulmonary blood flow should have a negligible effect on the transfer of gas from alveolar air to blood. These theoretical predictions of Hatch are supported by the results of the present study. A similar lack of relationship between uptake and blood flow would be expected for other gases whose partition coefficients are in the same order of magnitude (26) . Consequently, these observations emphasize that as long as permeability of the pulmonary capillary membrane remains high, the factors limiting the uptake of such gases are the size of the diffusing surface and the volume of gas brought to it, rather than the rate of pulmonary blood flow.
With respect to the DLco as a measure of the size of the capillary bed, it is of interest that a doubling of pulmonary blood flow did not appreciably alter DLco. Several possibilities may account for a lack of increase in capillary area: 1) that the capillaries were already distended by the supine position to a point where an increase in blood flow could be accommodated with no further increase in luminal size; 2) that the increased pulmonary blood flow was accommodated by opening of new capillaries which are in contact with poorly ventilated alveoli; or 3) that the change in DLco was too small to be detected by these methods. The data do not allow distinction among these possibilities.
It is easier to rationalize a reduction in Vco and DLco when blood flow is severely curtailed to the point of decreasing perfusion pressures and capillary blood volume. This situation exists distal to an occlusive balloon in a pulmonary artery (27) and such reduction in Vco and Dico have been observed. The possibility arises that stagnation of pulmonary blood distal to the balloon may contribute to the reduction in Vco and DLco. That stagnation is of little significance in this regard is suggested by: 1) the reduction in DLco during partial occlusion of a pulmonary artery when flow continues at a considerable, though reduced rate and 2) the insufficient saturation of pulmonary capillary blood with CO during brief complete occlusion of a pulmonary artery. Thus, it can be shown that in a lung with an assumed capillary blood volume of 30 ml. and a measured CO uptake of 0.4 ml. per minute, the critical saturation of approximately 30 per cent would not be reached during the four minutes of CO breathing.
Relationship between DLco and pulmonary artery pressure Pulmonary hypertension from mitral stenosis is associated with an elevation of pressure in the pulmonary capillaries (28) . As a consequence, the capillaries may be distended and the area available for diffusion increased. It was observed in this study, that subjects with mitral stenosis had a normal diffusing capacity for CO. This normal value may therefore represent a balance between anatomic alteration of the smaller pulmonary vessels and an increase in the pulmonary capillary blood volume.
In contrast to the pulmonary capillary hypertension of mitral stenosis, the experiments involving unilateral occlusion of a pulmonary artery resulted in a lowering of pulmonary vascular pressure and possibly capillary blood volume distal to the occluding balloon. In these experiments, as would be anticipated, the DLco of the affected lung was decreased.
Pulmonary blood volume
In the absence of any direct measurement of pulmonary capillary blood volume, changes in this variable can only be inferred. There is indirect evidence (29) that the central blood volume increases in the supine position; the pulmonary capillaries may well share in this increase (30) . Such a mechanism was invoked by Bates and Pearce (31) to explain the higher resting diffusing capacity in the supine position for both single breath and steady state methods. The supine position has also been shown to effect a more uniform distribution of blood and inspired gas in the lungs, particularly with regard to the upper lobes (32) .
These considerations suggest that the increase in DLco during voluntary hyperpnea when blood flow remains virtually unchanged may reflect, in part, an increase in alveolar capillary blood volume. They also indicate that even though pulmonary blood flow has little effect on DLco, the effect of the volume and distribution of blood in the lung may be appreciable.
The increase in DLco during exercise Even though an attempt has been made in this study to isolate some of the individual factors which determine the diffusing capacity of the lung, it is apparent that under most physiological circumstances their interplay is so complicated as to make this type of distinction extremely difficult. This is particularly true of studies done during exercise where ventilation, pulmonary blood flow and possibly pulmonary blood volume all are increased. However, the data from this study do indicate that the increase in diffusing capacity for carbon monoxide, observed during mild to moderate exercise, is related to the increase in ventilation rather than to the increase in pulmonary blood flow. This conclusion is supported by the recent observations of others (33) .
SUMMARY AND CONCLUSIONS 1. The effect of minute ventilation and pulmonary blood flow on the diffusing capacity of the lung for carbon monoxide was investigated at rest and during exercise by steady state methods.
2. For this purpose, normal subjects were contrasted with patients in whom pulmonary blood flow had been restricted by mitral stenosis. 3 . In order to vary ventilation and blood flow independently, special methods, such as voluntary hyperpnea and unilateral occlusion of a pulmonary artery, were also employed. 4 . The results indicate that diffusing capacity for carbon monoxide is little affected by changes in pulmonary blood flow until flow is markedly reduced. By way of contrast, increases in ventilation are associated with increases in diffusing capacity, and seem to account for the rise in diffusing capacity observed during moderate exercise.
